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ABSTRACT  Recent experimental data on the equilibrium
binding of myosin subfragment 1 (S-1) to regulated actin fila-
ments in the presence and in the absence of Ca%* are analyzed
by using a linear Ising model. In the model, each tropomy-
osin-troponin unit (including seven sites on the actin filament)
can be in one of two possible states, which have different in-
trinsic free energies and different binding constants for S-1.
Bound S-1 molecules do not interact with each other. There are
nearest-neighbor (pair) interactions between these units that
depend on the state of each member of the pair and on the
number of Ca2* bound to one member of the pair. There are two
sources of positive cooperativity in this system: the fact that
seven actin sites change state together as part of a single unit;
and the existence of attractive nearest-neighbor interactions
between units. Parameters in the model are evaluated by fitting
the data, both in the presence and in the absence of Ca2*. Sev-
eral extensions of this model are discussed.

In a recent paper, Greene and Eisenberg (1) presented exper-
imental data on the equilibrium binding of the myosin-sub-
fragment-1-ADP complex (hereafter simply referred to as S-1,
for brevity) to the troponin-tropomyosin-F-actin complex
(regulated F-actin), in the presence and in the absence of Ca2*.
The binding isotherms show interesting cooperativity (the data
are included in Fig. 2, below). A tentative interpretation and
analysis of the data were given (1) based on a simple model (ref.
2, equations 10-12a with 7 = 0; ref. 3, equations 7-70 and 7-71
with 7 = 0) that does not include nearest-neighbor cooperativity
in a quantitative way (see the discussion of Eqs. 22-25, below).
Essentially the same model (in the 7 = 0 case), with equivalent
equations, was used later by Monod et al. (4) to account for the
allosteric behavior of regulatory proteins. It is the purpose of
the present paper to reinterpret the same data in terms of a
more refined model that includes nearest-neighbor interactions
between troponin-tropomyosin units on the F-actin.

We are extending the approach of the present paper to the
in vitro and in vivo steady-state ATPase activity of regulated
actomysin; this steady-state system serves as a good illustration
of recent general theoretical studies (5-9) on the effect of
nearest-neighbor interactions on steady-state enzyme be-
havior.

THE ASSUMED MODEL AND ITS ANALYSIS

We consider a very long actin filament saturated with tro-
ponin-tropomyosin, as indicated schematically in Fig. 1b. We
are interested in the equilibrium binding of S-1 and of Ca2*
(Fig. 1a) as influenced by each other and by tropomyosin (the
troponin is now always understood to be included). Each tro-
pomyosin unit, including seven actin sites for S-1 binding, can
be in one of two states: state 1, with “weak’ binding (constant
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FI1G. 1. (a) Schematic representation of the two states of the
tropomyosin-troponin unit (including seven actin sites). Each tro-
ponin has two “regulatory” sites for Ca2*. (b) Illustration of the four
types of nearest-neighbor pairs in a sequence of units.

Tropomyosin-troponin

K)) of S-1 on each of the seven actin sites; and state 2 with
“strong” binding (constant K3) of S-1. The bound S-1 molecules
do not interact with each other. The intrinsic equilibrium
constant for 2 = 1 in a hypothetical isolated tropomyosin unit,
with no tropomyosin neighbors and with no bound S-1 or Ca2*,
is L, which favors state 1 (weak) over state 2 (strong) (L > 1).
Each troponin has two equivalent binding sites for Ca2* (the
regulatory sites), with intrinsic binding constants K, and K, (in
states 1 and 2, respectively). The interactions between near-
est-neighbor tropomyosin molecules are of types 11, 12, 21, and
22 (Fig. 1b). These boundary interactions are modulated by the
extent of Ca2* binding (0, 1, or 2) on the two Ca2* sites of the
right-hand member (Fig. 1b) of each nearest-neighbor pair
(because of proximity of the right-hand troponin to the pair
boundary).

State 1 is favored at low S-1 concentrations (L > 1). But state
2 dominates at high S-1 concentrations because Kz >> K. The
transition from state 1 to state 2 is cooperative for two reasons:
because seven actin sites in a unit change state as a group; and,
more importantly, because of the nearest-neighbor interactions
between units.

The above describes the model qualitatively. This is an es-

Abbreviations: HMM, heavy meromyosin; S-1, subfragment 1 of heavy
meromyosin; EGTA, ethylene glycol bis(3-aminoethyl ether)-
N,N,N’,N’-tetraacetic acid.
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sentially infinite one-dimensional Ising problem, with com-
plications owing to S-1 and Ca2* binding, which can be solved
easily and exactly by the matrix method (10-12). Closely related
problems, with a ligand-shifted equilibrium and cooperativity,
have been treated elsewhere (2, 6). Two generalizations of the
above model are discussed in later sections: (i) the extent of Ca2*
binding also modulates K; and Kg; and (i) heavy meromyosin
(HMM), two-headed binding only, is the ligand in place of S-1.
A third possible generalization, which we do not include here,
is to allow variable rather than saturated tropomyosin binding.
Other generalizations currently being studied are a continuum
of states for each unit and a relaxation of the seven-sites-as-a-
unit assumption.

In applying the matrix method (10-12) to this problem, the
2 X 2 matrix is

(leu Elylz) 0
E2Yo1 EoYoof

The rows here refer to states 1 and 2 of the kth tropomyosin in
the chain and the columns refer to states 1 and 2 of the k + 1th
tropomyosin. Also, in Eq. 1,

Y1 =xu + 2Kapy1 + K2p%2y,,
Y12 = 212 + 2Kppy12 + K€p%212

Yo1 = 291 + 2Kapyar + K2p%z,
Yoo = 220 + 2Kppyas + KEp%220 (2]

§1=L(1+Kye), E2=(1 + Kee)', (3]

where ¢ is the concentration of free S-1, p is the concentration
of free Ca%*, and xy, yy;, 2y are nearest-neighbor tropomyosin
interaction parameters. For example, xg) = e~%21/kT where
wgy is the 21 interaction free energy with no Ca2* bound on the
right-hand member (in state 1) of the pair, and y2, 22; are
corresponding parameters for a 21 pair with one and two Ca?*
bound, respectively. Incidentally, if two bound Ca?* interact
with each other, this effect can be included in the z;;. All de-
grees of S-1 binding are automatically taken care of by §; and
&5 (8); all factors in Eq. 1 have the form of subsystem grand
partition functions (3). The appropriateness of Eq. 1 can be
verified by starting with the equivalent but more detailed 6 X
6 matrix (11, 12) for the six substates 1, 2 (tropo) X 0, 1, 2
(Ca2*):

Eixn &iyn &1z1
2£1Kqpx11 2&1Kapy11 2£1K.pz1)
£1K2p%, EK2p?y1 £1K2p%1,
Eoxoy Soyar £oz0)
260K ppaa; 2£2Kppyar 2£0Kppz91
£9KEp%xa) &KEp?ys: £2KEp%z0)

Again, the rows refer to subunit k and the columns, to k + 1.
The order of states in both cases is 1(0, 1, 2), 2(0, 1, 2). Both S-1
and Ca2* binding factors are assigned to k.

Let ym be the larger eigenvalue of the 2 X 2 matrix in Eq.
1, let 0 < 8 < 1 be the fraction of actin sites occupied by S-1
molecules, and let 0 < ¢ < 2 be the mean number of Ca2*
bound per tropomyosin. Then (3, 11, 12)

70 = dln"ym/dInc, ¢ = dlny,/dlnp (4]
2Ym = a1 +az + [(a1 — a2)® + 4a1a5Y 71]V/2, (5]
where
a1=£1Y11, a2 = £2Y 20, Y(p) = Y11Y22/Y12Y 21 (6]
We find from Egs. 4 and 5, for 6 and ¢ as functions of ¢ and
P,

Proc. Natl. Acad. Sci. USA 77 (1980) 3187

0 =p10; + pabs [7]
o =p11011 + p12012 + pa1021 + P2oge, (8]

where p) is the fraction of tropomyosin units in state 1, 8; is the
fraction of state 1 actin sites occupied by S-1, 75 is the mean
number of Ca2* bound at a 12 boundary (right-hand tro-
pomyosin, in state 2), piz is the fraction of all nearest-neighbor
pairs that are of type 12, etc. Conservation relationships are

p1+ p2=1p12=p2,pu + pa2 + 2p12=1 (9]
P1=7P11 + P12, P2 = P22 + P12
Explicit expressions (6) are

0, =Kic/(1 + Kie) (i=12)

Oy = alan/alnp (i,j = 1,2) [10]
o1 = 2Kapy11 + K2p%11)/ Y11, etc. (11]
pe=2aY"Y/v/ (1-a++v ) (12]

pu=(1-a+v )V (Q+at+yv ) (18]
pe=al@a—1++)/V/ (1+ta+y ) [14]
prz=pa=28Y"/y/ (1+a++ ) (15]

where
a=ag/a, v/, =[(1—a)?+4aY"1)1/2 (16]

Y > 1 introduces positive cooperativity beyond the seven-
actin-site effect (Eq. 3). The midpoint of the transition between
states 1 and 2 (p2 = ') occurs when a = 1 (Eq. 12) for any Y.
We cannot expect the usual symmetry of binding isotherm
curves in simple Ising models (3) because here K; = Kz and K,
# Kbp.

The physical significance of

a =ag/ay = (1 + Koc)"Yae(p)/L(1 + K1c)Y11(p) [(17]

is that this is the equilibrium constant, per tropomyosin unit,
for the transition 1 = 2 between a filament with all units in state
1 and a filament with all units in state 2, at arbitrary concen-
trations of S-1 (¢) and Ca2* (p). L > 1 favors state 1; large ¢
favors state 2 (Kp > K}); p affects a by altering both the extent
of Ca?* binding and the effective nearest-neighbor interaction
between 11 and 22 pairs in the two filaments (see Egs. 2).

§1x1g &1y12 £1z10
261K px12 2£1K.py12 2£1Kapz12
E1K2p%x12 £1K2p%y12 £1K20%)2
Eoxgo Eoyae Eoz0
2£9Kbpxae 2£9Kbpy20 2£9Kppz22
£KEp2xa2 £aKEp?y22 £KEp%00

If we examine an S-shaped experimental §(c) (S-1 binding)
curve, at fixed p, the point at which a = 1, ps = 1 occurs can
be located approximately at the inflection in the curve. Let 6
and ¢’ be the coordinates of this point. Because of the steepness
of the experimental curve, ¢’ can be estimated relatively ac-
curately. If K; and K3 are known, in view of Egs. 7 (ps = 1)
and 10a, ¢’ can be calculated from

20" = [Ki¢’/(1 + Kye’)] + [Kge'/(1 + Koc)].  [18]

This value may then be checked against the experimental curve
(inflection region) for self-consistency. If necessary, both ¢’ and
&’ can be adjusted to achieve acceptable values.

The value of ¢’ (above), together with K; and K3, also can
be used to calculate a value for the important parameter (see
below) L’(p) = LY1(p)/Y22(p), from Eq. 17 (witha = 1):
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L’(p) = LY11(p)/Ye2(p) = (1 + Kee')7/(1 + Kyc'). [19]

When K3 > Kj, ¢’ is given approximately by (L}/7 — 1)/Kj.
The above procedure (c’, #, L’) is used in the next section.

Whereas L (see above) is the equilibrium constant for 2 =
1 in isolated tropomyosin units, L’(p) refers, per tropomyosin
unit, to the process all-2 filament = all-1 filament, with Ca2+
at p, but in the absence of S-1. This follows from the fact that,
inEq. 17,L’ = 1/a if ¢ = 0. At low or high Ca2*, we have the
special cases

L’(0) = Lxy1/x23 (p — 0); L’(®) = LK2211/Kfz22 (p — =).
[20]

When ¢ is very large, because Ky > K}, in effecta — « and
p2 — 1 (all state 2) in Eq. 12. Thus, § — 6, (which allows
evaluation of Ko—see below). Also, p2s — 1 and 6 — 622. On
the other hand, at ¢ = 0, @ = 1/L’ is small but not zero and p;
is also small (largely state 1). From Eq. 12, when a and a/Y are
small (recall that Y > 1 for positive cooperativity),

pe = (a/Y)[1 +2a —3(a/Y) + ...]. [21]

Atc = 0(S-1 absent), we puta = 1/L’ in this equation (p is ar-
bitrary). Then ps = 1/L’Y is a useful first approximation.

Special Case: No Interactions. In this case x; = yy; = 2y =
1. Note, in Egs. 2, that Y = 1 in this case but the separate Yy; >
1 (unless p = 0). Then we find, as expected (2, 3),

0 = p16) + pob, 0 = p101 + p2o2 [22]
p1=1/(1+a),pz=a/(1+a) (23]
01=2K,p/(1 + Kap), 02 =2Kpp/(1 + Kpp),  [24]

where
a=(1+Kz)(1+Kpp)2/L(1 + Kyc)'(1 + Kop)2, [25]

and 6, and 0, are given by Eq. 10. This is a generalization of
refs. 2 and 3 to include a second ligand (Ca2*).

In the previous paper (1), Eq. 22a (without the Ca2*t factors
in Eq. 25) was applied to the experimental data. The exponent
7 in Eq. 25 would have to be several times larger than 7 in order
to achieve a reasonable fit of the ethylene glycol bis(8-ami-
noethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA) (p = 0) data.
Eq. 22a refers to a system with no neighbor interactions. The
physical significance of increasing the exponent 7 in this way
is that one is simulating, roughly, the actual attractive neighbor
interactions by artificially forcing units to aggregate and to
change state (1 = 2) in small groups—but otherwise leaving
neighbor interactions out of the model.

APPLICATION TO EXPERIMENTAL DATA

Experimental data are available (1) for 8(c), the S-1 binding
isotherm, at, effectively, Ca2* concentrations p =0and p = »
(actually, 1 mM EGTA and 0.5 mM CaCly). The experimental
points are shown in Fig. 2. Our primary objective in this section
is to attempt to fit these data with the above equations.

From six experimental points for both p =0and p = w at¢
2 1.8 uM, assuming 8 = 0, in this region, we calculate the av-
erage value Ky = 7.1 X 105 M~!. The much smaller K; value
presents more difficulty; we use K; = 3 X 103 M~1, A smaller
K, even K = 0, has little effect on our fitting of the data. From
the inflection in the p = 0 points, we estimate ¢’ = 1.15 uM. Eq.
18 then gives 6 = 0.226 which, as can be seen from the figure,
is certainly consistent with the data. We then find, from Eqgs.
19 and 20, L’(0) = 63.7. Turning to the p = « points in Fig, 2,
we estimate ¢’ = 0.46 uM. Then, from Eq. 18, ¢ = 0.124, which
is again clearly consistent with the data. Finally, from Eqgs. 19

Proc. Natl. Acad. Sci. USA 77 (1980)

and 20, L’(«) = 7.16. The ratio of these two L’ values, for use
below, is
L(0)/L/(») = Kix11229/K2x22211 = 8.90. (26]

The larger L’ value (favoring state 1) in the absence of Ca2+
requires a larger value of ¢’ (S-1) in order to induce the 1 — 2
transition, as is apparent in Fig. 2.

The above considerations are independent of the interaction
parameter, Y. Of course Y is a function of p (Egs. 2 and 6) so
we are concerned here with two values, Y(0) and Y(«). In either
case, Y can be determined (approximately) by adjusting its
value until the theoretical curve 6(c) appears to have the same
slope as the experimental points in the neighborhood of ps =
Y (ie., at &, c’). In the p = O case,

a =(1+Kgc)"/(1+ Ky c)'L(0), Y(0) = x11x22/210%21.  [27]

If we assign a value to Y(0) we have available (see above) all the
parameters in Egs. 27 needed in order to calculate 8(c) from
Eqgs. 7 and 12. It is found that 8(c) with Y(0) = 20 reproduces
the experimental slope at &, ¢’; it also fits the remainder of the
p = 0 points rather well. This is the lower solid-line curve in Fig.
2. The four points below the curve, near ¢ = 1 uM, are pre-
sumed to represent metastable rather than equilibrium be-
havior. Similarly, in-the p = = case,

a =(1+Kgc)"/(1+ Kjc)'L(), Y() = z11220/212%21. (28]

Again we have values for the parameters here, except Y(=).
Proceeding as above, we obtain the upper solid-line curve in
Fig. 2, with Y() = 4. Note that there is stronger cooperativity
in the absence of Ca2* (p = 0).

Incidentally, the energetic significance of Y(0) = 20, for
example, is the following. Since x;; = ¢ ~4/*T (see above), Y(0)
= ¢~ w/kT where

w=w)) + W — Wi — Way. [29]

This is the free energy change for the rearrangement of two
nearest-neighbor pairs, in the absence of Ca2*, without any 1

2 2 conversion:
12421 — 11 + 22. [30]

If w); or wgg or both are negative, or if w2 or wg) or both are
positive, or a combination of these, w will be negative and Y(0)
>1 (Eositive cooperativity), as in the above calculation. With
e w/kT = 20, w/kT = —8.0; with e~w/kT = 4 w/kT =
-1.4.

The dotted curves in Fig. 2 show the calculated pa(c) in the
two cases above (p = 0, =); this is the predicted fraction of
tropomyosin units in state 2, as a function of c. At ¢ = 0, the
values are ps = 0.00081 for p = 0 and py = 0.041 for p = =.
These same values follow from Eq. 21.

Intermediate Ca2* Concentrations. Experiments are not
yet available with finite Ca2* concentrations, but we can use
the above parameters (with some further assumptions) to make
illustrative theoretical calculations for such cases.

What values should be used for the yy;? If we assume, as
seems reasonable in the absence of other information, that one
bound Ca?* has an effect on nearest-neighbor interactions that
is intermediate between that of no bound Ca?* (x;;) and that
of two bound Ca2* (z), then we may write y;; = (xyy245)1/2. We
use this relationship below. Two other (extreme) choices, not
used here, are y;; = x; (the first bound Ca2* has no effect on
interactions) and y;; = z;; (one bound Ca2* has the same effect
as two bound Ca?*). :

With the above “intermediate” assumption about gy, Y1 in
Eq. 3 and o1, in Eq. 11 become

Y1 =21l + Ka(z11/211)1/2p)2 [31]
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FIG. 2. The upper solid curve, 6(c) (S-1 binding), through experimental points O, is the theoretical curve at high Ca%*. The lower solid curve
with experimental points @, is the corresponding low Ca2+ curve (EGTA, p = 0). The two dotted curves give the theoretical p2(c) behavior in
the two cases. The dashed 6(c) curve has been calculated for p = 0.15 uM.

o1 = 2Ka(z11/211)"/2p/[1 + Ko(z11/211)Y2p),  [32]

with similar expressions for the other Yy and oy;. The oy are
all simple Langmuir binding isotherms. If the actin binding sites
are saturated with S-1 (¢ = ), pao — 1 and the Ca2* binding
isotherm is ¢ = 099, with an effective binding constant of
Ku(z2/%22)!/2. From the upper experimental curve in figure
2 of Bremel and Weber (13), which is very close to the Lang-
muir form, we estimate the above binding constant to be 7.9
X 108 ML, This value and Eq. 26 then determine K,(z};/
x11)1/2 (for 01;) to be 2.65 X 106 M~1, which is smaller by a
factor of 1/8.90 = 2.98. [Incidentally, from the lower Bremel
and Weber curve, we estimate the latter (o;) binding constant
tobe 1.5 X 106 M~1]

We also need, in order to make calculations, Kp(z12/%12)!/2
and K,(231/%21)"/2. We assume (out of ignorance) that the ratio
of these two constants is also 2.98. Their product is easily seen
to be

7.9 X 108 X 2.65 X 106Y(0)1/2Y()~1/2 = 4.68 X 1018 M2,
Thus we find

Kp(z12/%12)1/2 = 1.18 X 10" ML, K,(221/x21)"/2
=3.96 X 106 M1,

We now have all the parameters needed for our sample
calculations. The dashed curve in Fig. 2 shows 6(c) (S-1 binding)
at a fixed free Ca2* concentration of p = 0.15 uM. The value
of Y (a constant) on this curve is 9.55. Also, along this curve, o
(Ca2* binding) is 0.57 at ¢ = 0, 0.82 at ¢ = 0.8 uM, and 1.08 at
c=w,

Although the equivalent experiment would be difficult, the
central solid curve in Fig, 3 shows o(p) (Ca2* binding) with free
S-1 held constant at ¢ = 0.8 uM (note the arrow in Fig. 2). Un-
like Fig. 2, the cooperativity is not evident. Above this curve

is the curve for o(p) when ¢ = = (i.e., 0 = 032), and below it is
the curve for a(p) when ¢ = 0 (close to o = ¢1;). The dashed
curve in Fig. 8 gives 0 (S-1 binding) as a function of p (Ca2*)
in the ¢ = 0.8 uM case.

CA2* MODULATION OF S-1 BINDING
CONSTANTS

So far we have assumed that K; and K (for S-1 binding) are
independent of the number of Ca2* bound on a given tro-

2.0 1.0

0.2 04 0.6 0.8 1.0
p, UM

FIG. 3. The center solid curve is the calculated o(p) (Ca?*
binding) with ¢ = 0.8 uM (note the arrow in Fig. 2); the upper and
lower solid curves give a(p) for ¢ = @ and ¢ = 0, respectively. The
dashed curve (right-hand scale) gives 6(p) (S-1 binding) in the ¢ = 0.8
uM case.
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pomyosin unit. The theory can still be carried out exactly with
this restriction removed. We summarize the results here, in case
they turn out to be useful in the future. We actually began this
analysis with the appropriate (see below) 6 X 6 matrix of the
type shown above, but we present the corresponding 2 X 2
matrix below for brevity.

K (and similarly for K3) is now replaced by three constants,
K10, K11, and K9, where 0, 1, 2 refer to the number of Ca2*
bound to a state 1 tropomyosin unit. We then introduce the
grant partition functions

élﬂ =L(1+ Klflc)7s £2n =01+ K2nc)7 (n=012) [33]
a1 = E10011 + 2Kapbniyn + K2p%610211 (34]
ag = Eaoxas + 2KppEaryes + KEp2Eenzas
a12 = £a0%12 + 2Kupéa1y12 + Kfp2Eaez12 (35]

a1 = E1oxa1 + 2KapEnryar + K2p%619221.

The fraction of actin sites occupied by S-1, on tropomyosin units
in state § and with n Ca2* bound is, from Eq. 33,

0],' = Kj,.c/(l + anC) (j =12;n= 0,1,2). [36]

Let O (1, = 1,2) be the average value of 0y, on the second
member (§) of a tropomyosin 4] pair. Then it follows from Eqgs.
34 and 35 that

011 = (£10211010 + 2Kaptr1y11011 + K2p2E19211010) /a1
Ogs = (Ezoxa2020 + 2KupEa1yze0a1 + KEp2E20290020)/a2
012 = (E20719020 +)/812, O21 = (E10x21010 +)/821, [37]

where the omitted terms in the last line are obvious.
The 2 X 2 matrix for this problem is (compare Eq. 1)

(al a12)' (38]

a21 a2

(In the 6 X 6 matrix above, £ and £; in the six rows are replaced

by &10, 11, £12, 20, £21, 22, Tespectively.) Eqs. 4, 5,and 12-16
all apply here but with Y = a1a2/a12a2;. The expression for 8
is found to be

0 = 11011 + 22020 + p12(O12 + O21), (39]
while Eq. 8 gives o, but with
o1 = dlna,/dlnp = 2(KapEriyn + K2p2619211)/a1, ete. [40]

Whereas Eqgs. 37 and 40 average over n (Ca2*) for a given kind
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of tropomyosin pair, Egs. 8 and 39 average further over the
different pair types.

This model, and the simpler one above, both illustrate the
great usefulness of and formal simplicity achieved by the in-
troduction of subsystem grand partition functions (3), as in Eqs.
2, 3, and 33-35.

APPROXIMATE TREATMENT OF HMM
BINDING

Returning now to the original model, suppose we are interested
in two-headed HMM binding on actin (with no interactions
between neighboring HMM molecules) instead of S-1 binding.
This problem is difficult to treat exactly because of the possi-
bility of HMM molecules binding at a tropomyosin 12 or 21 pair
boundary, with one head attached to an actin site on either side
of the boundary. However, an approximation can be obtained
by applying functions derived for an infinite array of sites (11,
12; to the seven-site units. Thus, in place of Eqs. 3, we write (11,
12

£ =L{[1 + (1 + 4Kc)"/2)/2f

£ = {[1 + (1 + 4Kq0)/2]/2]", [41]
and, in place of Egs. 10,
0, = 4Kic/[1+ (1 + 4K,c)1/2](1 + 4K40)1/2 (1=1,2). [42]

Here, K1, K3, and c all refer to HMM rather than to S-1. No
other changes are necessary. T. Tsuchiya and one of us (T.L.H.)
will report on the exact solution to this problem.
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